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Murine models are suggested as the gold standard for scientiﬁc research, but
they have many limitations of ethical and logistical concern. Then, the alternative host
models have been developed to use in many aspects especially in invertebrate animals.
These models are selected for many areas of research including genetics, physiology,
biochemistry, evolution, disease, neurobiology, and behavior. During the past decade,
Galleria mellonella has been used for several medical and scientiﬁc researches
focusing on human pathogens. This model commonly used their larvae stage due
to their easy to use, non-essential special tools or special technique, inexpensive, short
life span, and no speciﬁc ethical requirement. Moreover, their innate immune response
close similarly to mammals, which correlate with murine immunity. In this review, not
only the current knowledge of characteristics and immune response of G. mellonella,
and the practical use of these larvae in medical mycology research have been
presented, but also the better understanding of their limitations has been provided.
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Introduction
During the past decade, several medical and scientiﬁc researches have used
wide variety of in vivo model organisms to address biological questions. It has
been statistically surveyed that a large number of in vivo models are experimen-
tally investigated worldwide each year. These animals include invertebrates
(yeasts, worms, ﬂies, etc.) and vertebrates (mice, rats, primates, etc.) [1]. In
2001, 2.13 million animals have been studied in Germany. In 2009, the number of
animal models that have been used in the USA approximately is 1.13 million [2].
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In the UK, the animals used for experimental study were 3.71 and 4.87 million in
2011 and 2014, respectively [3]. Although murine models exhibit several advan-
tages as they possess similarities to human such as anatomical structures and
physiological systems, many limitations can be found in these models in terms of
ethical and logistical issues, which can cause longer investigating periods than
other invertebrate models [4]. The use of invertebrate models will provide an
alternative choice to study the hypothesized biological questions [5–7]. Therefore,
this review aims to purpose a feasible model using invertebrate animals to
investigate biological studies.
Several studies have shown that the invertebrate animals are evolutionary
separated from mammals thousand years ago [8]. Notably, invertebrate models do
not exhibit adaptive immune system, which may limit the immunological studies in
some conditions [4, 9]. However, numerous beneﬁts are found in invertebrate
models including low cost, easy to use, small size, simple anatomical structures, and
short lifespan. Thus, it is an ideal model for studying in large-scale research [4].
Invertebrate models that are commonly used in scientiﬁc studies are
nematodes and insects [10–13]. However, some invertebrate models cannot
survive at 37 °C and lack of some functional cellular components. Among the
insects available, Galleria mellonella has been emerged at the forefront studies
[4, 14]. Over the past few years,G. mellonella has been used in research than other
models, which showed the results correlated with mammalian models [15–19].
Galleria mellonella
G. mellonella (honeycombmoth) is a moth from the order Lepidoptera and the
family Pyralidae (snout moths) [20]. The moths can be found worldwide including
Europe and adjacent Eurasia, especially in the mountain range nature [21–32].
Different continents will have different species. In North America and Australia,
these worms are found predominantly as the lesser wax moth (Achroia grisella) that
is derived from the tribe Galleriini. G. mellonella larvae live in beehives, inside bee
nests, and feed with beeswax and pollen, which are especially found mostly in
weakened hives with small populations. Wax moths are very destructive insect pest
in the beehive. They can cause deteriorate effects to beehives, which can destroy
brood comb and woodenware. The moths can cause shed skins of bees, reduction of
beeswax, and may kill the larvae or spread the honeybee diseases [33–43].
Characteristics, Anatomical, and Behavior of G. mellonella
G. mellonella lives in beehives and feeds with beeswax during larval stage. The
larvae can also be found in bumblebee nest and wasp nest or feed on dried ﬁg trees.
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The life cycle of the wax moth consists of four deﬁnable stages, such as egg, larva,
pupa, and adult. Duration of the completed cycle is approximately 6–8 weeks at
29–39 °C with 4–6 generations per year [36, 44–47].
The greater wax moth’s life cycle begins with the eggs that have been placed
inside the honeycomb. Olive-shaped eggs (50–150 eggs) with pink–white salmon
color are placed between the cracks of the honeycomb [36, 40, 44–46, 48]. After
5–8 days, hatching of eggs and larvae will begin to develop at midrib. During the
larval stage, the worm is 16–20 mm in length and resembles a caterpillar. Changes
in the embryonic stage can take about 29 days at 30–35 °C, which is the optimum
temperature in the nest for worm growth. Worms at low temperatures grow slower.
Moreover, worm growth could be limited when worm is cultured at 4–5 °C. Thus,
it could be suggested that temperature is one of the factors that plays a vital role in
larval growth [34, 36, 37, 40, 42, 44–46, 49, 50].
The body of a caterpillar looks a tube-like structure for processing and
storing food. The intestine is longer with the fore and hind parts (Figure 1). The
worm’s digestive system can be found in the fat layer called body fat. Worms
produce silk using salivary glands from a tube in the spinneret, which looks like a
tube on a labium (larva’s lower lip) and contains the spinning apparatus (the silk
glands; Figure 1). This silk is used to make cocoons and usually dried when
Figure 1. The anatomical model of G. mellonella
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exposed to air. Caterpillars have a dull reddish-brown dome head, six legs at the
thorax, and additional pairs of prolegs at the abdomen. These prolegs are at the
terminal end of their body, which are small and hook-like called crochets
(Figures 4 and 5). The skin color changes slightly to a light gray as they age.
The grub eats beeswax and needs additional proteins from bee cocoons, feces, and
pollen. Then, the larvae build a ﬁne silken tube as tunnel covers them [36, 40,
42–44, 51, 52].
At the end of pupation, caterpillars start rotating the coarser silk cocoon and
stop feeding, which makes the papery stronger. The development in this process
takes about 4 days. The color of the cocoon depends on the supplement. If it is
made of softwood, the color will be white as usual. However, the cocoon is brown
when the worm is fed with hardboard (mansonite). The worm transforms into
pupae in a light golden brown cocoon. The silkworm is trapped in the honeycomb
cell. About 1–2 weeks, the pupae will grow into a cigar-shaped worm with 15 mm
in length and will develop into adult in approximately 12 days depending on the
temperature (Figure 2). Smith [42] found that there are two types of pupa, which
can be distinguished between male and female. First, the border of the mesowing
is creased in the upper margin of the male and straight in the female. Second,
sclerite of the eighth abdominal sternum is cloven in the female but not in the male
[36, 40, 43–44, 46].
Adult wax moths do not feed food during adulthood. G. mellonella can
survive at both night and day (in a low light area) because it is reluctant to light
exposure. Hence, they ﬂy mostly at nighttime and stay in the dark during the
daytime. Adult moths have 14–38 mm in length between wingspan, depending on
the size and natural habitats [36, 40, 43, 44, 46]. They change their behavior
according to temperature changes. In the months of May–October, the moths can
be found in Belgium and Netherlands. The male is smaller than the female and has
a scalloped upper edge of the wings. Male moth is 10–15 mm in length with beige
color and light/dark markings (Figure 8). Male moth can use ultrasound from these
scallops to ﬁnd mating. Female moth is 15–20 mm in length, which is larger than
the male wingspans. Their wingspans look like clothes folded at a shallow angle
over the body. The wings have scales darker than males with a dirty brown/gray
color, and occasionally with a minor bronze tinge [36, 40, 43, 44, 53]. Female
moth has a sex pheromone called “Nonanal,” which can be found in wax and may
explain how the wax moth ﬁnds an ideal place for their spawn. Mating of an adult
occurs shortly by males and females, which can generate short ultrasonic signals.
Males show the wings crawling to retrieve the female wings, which blow to release
the pheromone, and lead to the ﬁrst female approach. Later, the female will ﬁnd a
crevice to spawn. When a suitable place is found, the female pulls the body out to
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penetrate the ovary into the crevice [36, 54–59]. They can lay about 2,000 eggs
throughout their lives [40, 43, 47, 60].
The G. mellonella Immune System
G. mellonella has anatomical and physiological barriers to protecting them
from microbes. This worm body or cuticle consists of a single mantle (epider-
mis), which is located on the base membrane. The cuticle is chitin-hardened to
protect the insect from injury and infection. Similar to bronchial insects, chitin
padding can be cured with age. In addition, inside of the trachea is not an
appropriate and unfavorable condition for colonization and growth of micro-
organisms. Due to low humidity and less nutrients, when the infection passes
Figure 2. Greater wax moth larvae (bottom), the last instar larvae (second), pupa (third),
and cocoon (top)
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through the oral cavity, they will exhibit an intestinal structure to prevent
infection. The structure of the stomach consists of the lining of chitin and
intestinal conditions, such as pH and digestive enzymes, which are not favorable
to intruder developers [61–65]. In addition, normal ﬂora in their intestines plays
an important role in reducing the amount of microorganisms that enter into the
digestive tract with food. In turn, infections can penetrate physiological barriers,
which will be defended by immune response system. Insect immunity only has
a natural immune system that relies on the factors that encode pathogens in
the recognition and infection process. However, they do not exhibit adaptive
immune response, such as T-cell, B-cell, antibody, and immortal immune
deﬁciency [66]. The innate immune system of insects is divided into two
major parts: cellular immune response and humoral immune response (Figures 3
and 4) [67–69].
Cellular immune response of the moth is mediated by hemocytes, which are
phagocytic cells. The hemocytes can be found in insect blood (hemolymph).
Hemocytes are not only responsible for engulf intruders in the phagocytosis
process, but also play a signiﬁcant role in encapsulation and clotting by capturing
the microorganisms in multicellular structures called nodules or capsules (Figure 3)
Figure 3. Immunity of G. mellonella
36 SINGKUM ET AL.
Acta Microbiologica et Immunologica Hungarica 66, 2019
[9, 68, 69]. Insects can produce several types of hemocytes that can be traditionally
identiﬁed using morphological, histochemical, and functional characteristics [70,
71]. Six out of eight types of hemocytes in insects have been identiﬁed in
G. mellonella, such as prohemocytes, plasmatocytes, granular cells, coagulocytes,
spherulocytes, and oenocytoids (Table I) [9, 72]. In G. mellonella, plasmatocytes
and granular cells play a vital role in cell defense and involve in phagocytosis,
nodule formation, and encapsulation. Plasmatocytes and granular cells are the
most common hemocytes that act as the ﬁrst barrier of immune cells. Plasma-
tocytes can be characterized by a leaf-like shape and produce lysosomal enzymes
in their cytoplasm. Granular cells are smaller and contain many granules in the
cytoplasm (Figure 3) [68, 69].
Figure 4. A schematic representation of larvae protected by anatomical and physiological barriers
and by cellular and humoral reactions
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Immunological function of G. mellonella will be generated from the two
cell types, which causes phagocytosis process, nodule formation, and encap-
sulation. First, penetration of microorganisms through the physiological bar-
riers of insects can cause granular cells attack to the foreign target triggering
the release of cytotoxic materials (e.g., polysaccharopeptide protein) and
starting encapsulation process. These processes promote the attachment of
multiple layers of plasmatocytes around the foreign materials resulting in a
capsule formation. Encapsulation is mainly related to immune responses
against larger microbes, such as protozoa and nematodes (including eggs and
larvae). Moreover, phagocytosis is another process that plays an important role
during immune response. Phagocytosis of insects has been believed to be
similar to mammals involving with plasmatocytes and granular cells (Figure 3).
Hemocytes of G. mellonella express proteins with high homology to calreti-
culin from human neutrophils, which involved in non-self recognition in
cellular defense reactions. While phagocytosed, pathogens are killed by several
mechanisms including reactive oxygen species, initiated by nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase complex and generated by
the oxidation burst (Figure 4). In G. mellonella, hemocytes can produce p47
and p67 proteins, which can promote the production of superoxide. Similar to
Table I. Components of G. mellonella innate immunity
Cellular response Hemocytes Prohemocytes [9, 67–69, 72–74]
Plasmatocytes
Granular cells
Coagulocytes
Spherulocytes
Oenocytoids
Humoral response Opsonins Apolipophorin-III (apoL-III) [75–77]
Antimicrobial
peptides (AMPs)
Lyzozymes [78, 80–84]
Cecropin
Morcin-like peptides
Gloverin
Galiomycin
Gallerimycin
Galleria defensin
Gm proline-rich peptides 1 and 2
Gm anionic peptides 1 and 2
Inducible serine protease inhibitor 2
Heliocin-like peptides
x-tox
Gm apolipophorin
Melanization Phenoloxidase pathway [85, 86]
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human neutrophils, p47phox and p67phox proteins are translocated from
cytosol to plasma membrane and can form NADPH complex [68].
Humoral responses are highly regulated by soluble effector molecules
involving with defense molecules such as complement-like proteins, melanin,
and antimicrobial peptides (AMPs). These interactions are responsible for immo-
bilizing or killing the pathogens (Table I). Among them, reactive intermediates of
oxygen, nitrogen, and AMPs exhibit antibacterial and/or antifungal properties
(Figure 4) [69, 87–93]. Most of the defense peptides are produced in the body
fat and presented in the hemolymph of G. mellonella. AMPs are found to be
involved in destabilization of pathogen membranes by creating peptide or lipid-
lined pores. In addition, AMPs may differently interfere with the cellular
membranes suggesting that some defense molecules can enter the cell and interfere
with the physiological processes, such as replication, transcription, and transla-
tion (Figure 4). Moreover, modes of defense peptide action can be found in the
many review articles [94–96]. It can be concluded that there are four main
features of AMPs. First, they are selective toxicities, which can act differently
against infecting microorganisms without disturbing the body of the host.
Second, their actions are shorter than the doubling time of infection. Third,
the AMPs possess broad spectrum of activity. Finally, they do not develop
bacterial resistance (Figure 4) [97]. Furthermore, the humoral system also
includes melanization process, which is complex enzymatic cascade. Melanin
is mostly synthesized during coagulation process, nodule formation, or capsule
formation at the injury site, wound, and pathogen encapsulation areas (Figures 5
and 6) [68, 85, 98–101].
Many humoral factors regulate the hemocytes function and vice versa.
Hemocytes synthesize and secrete humoral molecules to the hemolymph, such as
defense peptides and stress proteins [68, 102]. Pathogens also develop them-
selves to pass the insect immune systems using their strategies to penetrate
anatomical and physiological barriers. They synthesize or secrete many biologi-
cal compounds, such as enzymes digesting host tissues. In addition, wound or
injury on insect cuticle can be represented as the gate of infection for micro-
organisms. Pathogens avoid immunological recognition from insect immune
mechanisms. They try to hide the immune elicitors (pathogen-associated mo-
lecular pattern) by changing the composition and structure of cell wall, causing
colonization where the hemocytes cannot reach [69, 103]. Finally, they secrete
virulence factors to inhibit activity of insect defense molecules. Proteases are the
most enzymes that pathogen release to digest insect hemolymph and AMPs.
Nevertheless, this virulence factors can be secreted from pathogens, which can
stimulate insect immune response [104, 105].
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Figure 5. The cellular and humoral immune and melanization responses in G. mellonella
Figure 6. Spot/tail lines on G. mellonella cuticles. Melanization comprises the synthesis and
deposition of melanin to encapsulate pathogens at the wound site followed by hemolymph
coagulation and opsonization typically
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Beneﬁts of G. mellonella
It is widely accepted that G. mellonella is an enemy of bees. However,
previous studies have found that this worm also plays an important role in
agricultural and industry [106–108]. At present, the breeding of G. mellonella
in commercial scale is widely used for agriculture industries. Studies have shown
that storage of the worms at a cool temperature can prolong the survival time
without eating. Moreover, microbes in worm guts have been demonstrated to
degrade polyethylene, which will be beneﬁcial for plastic disposal process.
G. mellonella may ﬁnd wide applications in commercial culture, that is it can
rear on a mixture of cereal grain, bran, honey, and glycerol, which is helpful in
agriculture. Therefore, G. mellonella may exhibit potential beneﬁts to use as food
for exotic pets. In addition, studies in the ﬁeld of G. mellonella have been found
active at present.
Developing G. mellonella as an Alternative Model in Animal Research
At present, the incidence of opportunistic infections in the bloodstream of
patients has been increased rapidly, especially in immunocompromised patients.
In addition, they are many new species of pathogens from antibiotic resis-
tance that are often infected from the intensive care unit [109–111]. Within
these problems, medical professions and scientists are trying to elucidating the
mechanisms of infections. In order to address these questions, murine models are
often used.
Murine model is one of the commonly used laboratory animal models with
regard to pathogenic infection as the model exhibits similar physiological and
immune systems to human. However, murine models are still having many
limitations concerning ethical and logistical issues. In addition, long lifespan of
murine animals may provide a contrary evaluation when compared to the period
of pathogens evolution. Therefore, experimentation with an alternative model of
invertebrates will provide numerous advantages than murine models. Although
invertebrates are evolutionarily separated from mammals several thousand years
ago, but they exhibit the innate immune system that is similar to mammals [4].
Moreover, invertebrate models exhibit low cost of maintenance, feasibility, and
short lifespan suitable for evaluating in large population. The current limitations
on the use of invertebrate animals are still relatively low, as models are simple and
convenient. In Thailand, four invertebrates are being used and the most popular
species is G. mellonella or greater wax moth.
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The larvae of G. mellonella have been ﬁrst used to study entomophatogenic
fungi. The study has demonstrated that G. mellonella larva is a good model
for studying human pathogens. In 2000, Cotter et al. [112] have shown that
G. mellonella larvae can be killed by many bacterial and fungal human pathogens.
However, the larvae can survive when culturing with non-pathogen organisms,
which make them suitable for studying the infectious diseases. At present,
G. mellonella is increasingly used as an animal model for studying the virulence
factors of bacterial and fungal pathogens, insect immune response, toxicology, and
disease pathogenesis (Figure 7). This model can be used as an alternative model
for small mammals such as mice or rabbits in scientiﬁc experiments. These worms
have been proven as a good model for studying innate immune system. In
addition, it has both cellular and humoral immune responses but there is no
adaptive immune response that makes to avoid the interference factors. In
genetics, they can be used to study inherited sterility.
Moreover, G. mellonella larvae can be maintained at temperature ranging
between 15 and 37 °C, which can survive well at human body temperature [113].
Thus, the model is well suited to study human pathogens as the pathogenicity of
organisms, as virulence factors are known to be regulated by temperature. The
convenient size of G. mellonella larvae is 2–3 cm in length, which is easy to work
with and large enough to allow straightforward handling with accurate dosing. In
addition, the worms do not require any speciﬁc tools, which also reduce the
experimental cost when compared with small mammals (usually mice, hamsters,
or guinea pigs).
Figure 7. The usage of G. mellonella as animal models
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G. mellonella larvae are widely used to study human pathogens, especially
bacteria such as Staphylococcus aureus, Proteus vulgaris, Serratia marcescens,
Pseudomonas aeruginosa, Listeria monocytogenes, and Enterococcus faecalis
[114–119]. The G. mellonella larvae are also widely used to study fungal infection
such as Cryptococcus neoformans, Aspergillus fumigatus, and Candida albicans
[15, 19, 120–123]. At present, G. mellonella has been used to screen bacterial and
fungal strains and identify genes involved in disease pathogenesis or therapeutic
compounds. In a subsequent study, it has been proven that the model is particularly
useful in identifying the chemical compounds absorption with favorable
bioavailability.
Rearing G. mellonella to be Used as an Animal Model in Research
Rearing methods of wax moth have been differently developed to use as a
supplement for reptiles, birds, ﬁsh, and small mammals or used as animal models
in scientiﬁc research. Thus, there are many methods in the scientiﬁc literature,
making it difﬁcult to determine a standard rearing method. Nevertheless, most
rearing methods are very similar. Males and females should be placed in contain-
ers with diet [124]. Moreover, the culture environment should be adjusted to an
appropriate temperature. Eggs can develop quickly at 29–35 °C and slowly at less
than 18 °C. Moths are preferred to lay eggs on the surface that can protect their
eggs such as cracks and crevices. Therefore, many rearing methods recommend
using paper clips held by the fold-layered paper or wax paper. In the larval
container, the wax paper or corrugated cardboard can be added after the larvae
begin to spin cocoons [36].
Warren and Huddleston [47] have studied the effect of humidity and
temperature on various life stages of G. mellonella. The results have shown
that wax moths are nocturnal insects that thrive in dark, warm, and poorly
ventilated areas like beehive. Therefore, the most favorable environment for
rearing the wax moths is approximately 30 °C, 70% relative humidity, and
darkness.
The size of containers depends on the number of wax moth or purpose
of use such as larval chamber, mating chamber, or oviposition chamber.
Marston et al. [48] have proposed a large mass-rearing program that separated
multiple rooms with diets prepared by a cement mixer and use sieve to collect
eggs. A study by Waterhouse [125] has demonstrated the use of paper clip to
seal the plastic. A study by Haydak [126] has demonstrated the use mason jars
covered with mesh. A study by Bronskill [127] has demonstrated the use of
lantern-globe cage that has been invented to replace the mason jars. From many
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studies, it can be concluded that metal, glass, or plastic can be used, but wood,
cardboard, and paperboard should be avoided because the larvae can chew
through them.
The Experimental Method Using Larvae of G. mellonella as Infection
Models (Modiﬁed from Fuchs et al. [17])
Comparative studies between the G. mellonella model and murine model
have been shown to exhibit the similar results. By comparison, pathogenic
infection in G. mellonella is simpler than mammal model and requires less
training. This model does not require the specialized housing and the lethal
infection time is faster than mammals’ model. At present, the larvae of
G. mellonella have been widely used to study important human pathogens,
including Gram-positive and Gram-negative bacteria, several pathogenic fungi,
and some viruses [114–121, 128–135]. The last instar larvae can be developed
from eggs about 5 weeks, which can be experimented. These larvae stop feeding
and start producing silk, which are 200–400 mg or 2–2.5 cm long in creamy color
without gray-color marking on their cuticle. In each experiment condition, at least
10–20 larvae/group should be used (Figure 8). The larvae can be stored at 15 °C
housed in petri dishes prior use and it is recommended that the larvae can be kept
for 24 h to starve them before infection.
The selected larvae can be inoculated with pathogens via three methods,
such as topical application, oral delivery, and injection. The topical method is
decribed by pathogens absorption through larvae skin [136]. This method is
modest, especially in terms of the effort required for inoculum on the larvae
cuticle. The pathogens enter the larvae by penetrating into the cuticle. While
facile is in execution, however, delivery method exhibits disadvantage as lacking
the known number of infection. Therefore, we do not use topical application
as typical method to infecting the larvae. In the oral delivery, the pathogens
enter the larvae by feeding that has been reported as an infection method [137].
In this method, pathogens will be mixed with pollen in 1:1 ratio and placed in
petri dishes to house the G. mellonella larvae. The pathogens enter the larva
through ingestion, which can initiate the host’s natural defense. However, the
method is disadvantageous that infection doses are difﬁcult to obtain. Therefore,
we do not use oral route as a method of G. mellonella infection in our own
laboratory. Both the oral and topical applications for the delivery methods have
the same limitations found in G. mellonella host inoculated. In the most common
infection route, intrahemocoelic injection through the last proleg has also
been recommended (Figure 8). This delivery route by injection of a known
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number of pathogens dose to larvae hemocoel can be achieved. The ﬁrst
infection site is the last proleg. In addition, multiple injections such as in the
case of drug delivery post-inoculation can rotate to the other last proleg. During
the inoculation process, delivering the pathogens to the larvae hemocoel can also
be performed using Hamilton syringe (Figure 8). The size of syringe and needle
is important, in which the usage of 26-gauge needle and Hamilton syringe as the
large syringe has been recommended or else needle can cause trauma leading to
larvae death [17].
In research, larvae are inoculated with different pathogenic doses; thus, half-
maximum lethal dose (LD50) should be calculated. After infection, the larvae can
be maintained at 25–37 °C. The study of microbial virulence in G. mellonella is
typically assessed within 5–7 days. More recently, a health index scoring system
has been introduced by evaluating the larvae health status according to four major
observations: larvae mobility, cocoon formation, melanization, and survival.
There are some visible differences in appearances of the larvae post-infection.
They may appear black spot (spot/tail line) on cream-colored cuticle within an
hour of infection due to a melanization process. Moreover, the larvae show low
motility and completely death (black larvae). Moreover, plating larval extracts on
agar plates or using bioluminescent microorganisms to detect the pathogen load by
biophotonic imaging can be used to assess microbial virulence. These studies can
also measure the microorganism proliferation inside the larvae during infection. In
addition, pathology of the larvae can be observed in tissue section, as the retained
pathogens can be stored in body fat and other internal structures after being
injected into the hemocoel. Nevertheless, in research, the immune response during
pathogenic infection also requires further studies in depth. G. mellonella immune
response to pathogens can be observed by isolation hemocytes from larvae after
infection.
Figure 8. The larvae that are alive are creamy-colored with no spot on their cuticles (left). Larvae
that are held between the ﬁngers and needle is inserted at the site of the proleg to inoculum
delivery (right)
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Limitations in the Use of G. mellonella as a Model
Although G. mellonella is an excellent model for assessing the virulence
of various microorganisms, it may not entirely represent biological information
with regard to mammalian models. However, G. mellonella provides a prom-
ising strategy to quickly access and cost-effectively collect basic science
information. However, one must consider that the G. mellonella infection still
requires integrative knowledge and more pioneer studies. The model of
G. mellonella may not wildly accept when compared to some other inverte-
brate models such as nematodes (Caenorhabditis elegans) or the fruit ﬂy
(Drosophila melanogaster) [16].
G. mellonella model also exhibits some limitations when studying their
genetics. G. mellonella genome has not yet been fully sequenced, lack of available
established methods to create mutant species, and lack of accessible data in
microarrays or RNA interference libraries. Moreover, the most challenging in
G. mellonella research is the lack of stock centers of G. mellonella under standard
conditions. At present, we can purchase G. mellonella from commercial company,
in which the larvae will be sold as pet food. Differences of genotypes and breeding
conditions, such as housing temperature, light sources, and diet, can affect the
results in laboratory experimentation [122, 138, 139]. Moreover, there are some
differences in mortality rates after infection with pathogens among G. mellonella
individuals.
G. mellonella as a Model Platform for Future Perspective
The several studies of G. mellonella as a model with human pathogen
demonstrated the good results. Thus, this animal model might be the suitable
model to basic medical knowledge especially the immunopathogenesis of patho-
gen, medical product development. However, this model has the limitations to
strictly concerned, i.e., high level of light and heat sensitivity, which will be the
confounder factors.
Conclusions
The invertebrate animal models are rapidly growing and attractive for many
researches. However, the G. mellonella model cannot replace the mammalian
model completely. Instead, they should serve as an additional, simple to use, low
cost, short life span, and rapid screening method to expand our knowledge.
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Finally, there are no ethical constraints in the use of invertebrates, which further
facilitates their use for in vivo experimentation. Recently, G. mellonella has
become increasingly popular for in vivo research. However, the immune response
of this model is still unclear and lack of the reference strains provided under
standard conditions to support comparative experiments conducted by different
research groups and the genomic information are also limited. Furthermore, the
experimental conditions often vary between individual researches and require
standard to reduce ambiguity.
Acknowledgements
This study was supported by Health System Research Institute (HSRI),
National Research Council of Thailand (NRCT), and The Asia Research Center of
the Korean Foundation, Chulalongkorn University contract no. 011/2560. The
authors would like to thank Anon Payakkapol for his help in insect taxidermy and
insect characteristics. NL conceived and designed the concept of this review
and he is the principle instructor. He also contributed reagent, materials, and/or
analysis tools and prepared and reviewed the paper. PS, SS, and PP performed the
experiments.
Conﬂict of Interest
The authors report no conﬂict of interest. They alone are responsible for the
content and the writing of the paper.
Ethics
All applicable international, national, and/or instutional guildlines for the
care and use of animals were followed with ethical approved certiﬁcate number
MU-IACUC 2018/015, Mahidol University, Thailand.
References
1. Committee on Use of Laboratory Animals in Biomedical and Behavioral Research,
National Research Council and Institute of Medicine: Use of Laboratory Animals in
Biomedical and Behavioral Research. National Academy Press, Washington, DC, 1998.
2. Russell, W. M. S., Burch, R. L.: The Principles of Humane Experimental Technique,
Methuen Publishing, London, UK, 1959. Available at http://altweb.jhsph.edu/pubs/books/
humane_exp/het-toc
G. MELLONELLA: ALTERNATIVE MODEL 47
Acta Microbiologica et Immunologica Hungarica 66, 2019
3. UK Government: Annual Statistics of Scientiﬁc Procedures on Living Animals Great
Britain. Home Ofﬁce, London, UK, 2014.
4. Arvanitis, M., Glavis-Bloom, J., Mylonakis, E.: Invertebrate models of fungal infection.
Biochim Biophys Acta 1832, 1378–1383 (2013).
5. Doke, S. K., Dhawale, S. C.: Alternatives to animal testing: A review. Saudi Pharm J 23,
223–229 (2015).
6. Lagadic, L., Caquet, T.: Invertebrates in testing of environmental chemicals: Are they
alternatives? Environ Health Persp 106, 593–611 (1998).
7. Wilson-Sanders, S. E.: Invertebrate models for biomedical research, testing, and educa-
tion. ILAR J 52, 126–152 (2011).
8. Hoffmann, J. A., Kafatos, F. C., Janeway, C. A., Ezekowitz, R. A.: Phylogenetic
perspectives in innate immunity. Science 284, 1313–1318 (1999).
9. Lavine, M. D., Strand, M. R.: Insect hemocytes and their role in immunity. Insect Biochem
Mol 32, 1295–1309 (2002).
10. Hamilos, G., Samonis, G., Kontoyiannis, D. P.: Recent advances in the use of Drosophila
melanogaster as a model to study immunopathogenesis of medically important ﬁlamen-
tous fungi. Int J Microbiol 2012, 583792 (2012).
11. Jacobsen, I. D., Grosse, K., Hube, B.: Embryonated chicken eggs as alternative infection
model for pathogenic fungi. Methods Mol Biol 845, 487–496 (2012).
12. Kavanagh, K., Reeves, E. P.: Exploiting the potential of insects for in vivo pathogenicity
testing of microbial pathogens. FEMS Microbiol Rev 28, 101–112 (2004).
13. Muhammed, M., Coleman, J. J., Mylonakis, E.: Caenorhabditis elegans: A nematode
infection model for pathogenic fungi. Methods Mol Biol 845, 447–454 (2012).
14. Nathan, S.: New to Galleria mellonella. Virulence 5, 371–374 (2014).
15. Brennan, M., Thomas, D. Y., Whiteway, M., Kavanagh, K.: Correlation between
virulence of Candida albicans mutants in mice and Galleria mellonella larvae. FEMS
Immunol Med Microbiol 34, 153–157 (2002).
16. Cook, S. M., McArthur, J. D.: Developing Galleria mellonella as a model host for human
pathogens. Virulence 4, 350–353 (2013).
17. Fuchs, B. B., O’Brien, E., Khoury, J. B., Mylonakis, E.: Methods for using Galleria
mellonella as a model host to study fungal pathogenesis. Virulence 1, 475–482 (2010).
18. Mukherjee, K., Altincicek, B., Hain, T., Domann, E., Vilcinskas, A., Chakraborty, T.:
Galleria mellonella as a model system for studying Listeria pathogenesis. Appl Environ
Microb 76, 310–317 (2010).
19. Slater, J. L., Gregson, L., Denning, D. W., Warn, P. A.: Pathogenicity of Aspergillus
fumigatus mutants assessed in Galleria mellonella matches that in mice. Med Mycol 49,
107–113 (2011).
20. Scoble, M.: Classiﬁcation of the Lepidoptera. Oxford University Press, Oxford, UK, 1990,
pp. 121–158.
21. Al-Ghamdi, A.: Survey of honeybee diseases, pests and predators in Saudi Arabia. Thesis,
University of Wales, Cardiff, UK, 1990, xix–171.
22. Al-Ghamdi, A., Nuru, A.: Beekeeping in the Kingdom of Saudi Arabia opportunities and
challenges. Bee World 90, 54–57 (2013).
23. Carroll, T.: A Beginners Guide to Beekeeping in Kenya. Baraka Agricultural Training
College, Nakuru, Kenya, 2006, pp. 6–57.
24. El-Niweiri, M. A. A.: Survey of the Pests and Diseases of Honeybees in Sudan. UOFK,
Khartoum, Sudan, 2015, pp. 20–22.
48 SINGKUM ET AL.
Acta Microbiologica et Immunologica Hungarica 66, 2019
25. Hussein, M. H.: Beekeeping in Africa: North, east, northeast and west African countries.
Apiacta 1, 32–48 (2000).
26. Kebede, E., Redda, Y. T., Hagos, Y., Ababelgu, N. A.: Prevalence of wax moth in modern
hive with colonies in kafta humera. J Vet Anim Sci 3, 132–135 (2015).
27. Keshlaf, M.: Beekeeping in Libya. WASET 8, 32–35 (2014).
28. Lebedeva, K., Vendilo, N., Ponomarev, V., Pletnev, V., Mitroshin, D.: Identiﬁcation of
pheromone of the greater wax moth Galleria mellonella from the different regions of
Russia. IOBC-WPRS Bullet 25, 229–232 (2002).
29. Pirk, C. W., Strauss, U., Yusuf, A., Démares, F., Human, H.: Honeybee health in Africa –
A review. Apidologie 47, 276–300 (2015).
30. Rasolofoarivao, H., Clémencet, J., Ravaomanarivo, L. H. R., Razaﬁndrazaka, D.,
Reynaud, B., Delatte, H.: Spread and strain determination of Varroa destructor (Acari:
Varroidae) in Madagascar since its ﬁrst report in 2010. Exp Appl Acarol 60, 521–530
(2010).
31. Shrestha, J. B., Shrestha, K. K.: Beekeeping in Nepal: Problems and potentials: Asian
bees and beekeeping, Progress of Research and Development. In Proceedings of the
Fourth Asian Apiculture Association International Conference, Kathmandu, Nepal, 2000,
pp. 23–28.
32. Suwannapong, G., Benbow, M. E., Nieh, J. C.: Biology of Thai honeybees: Natural
history and threats. In Florio, R. M. (ed): Bees: Biology, Threats and Colonies. Nova
Science, Hauppauge, NY, 2012, pp. 1–98.
33. Burges, H. D.: Control of wax moth: Physical, chemical and biological methods. Bee
World 59, 129–138 (1978).
34. Chang, C. P., Hsieh, F. K.: Morphology and bionomics of Galleria mellonella. Chin J
Entomol 12, 121–129 (1992).
35. Chantawannakul, P., de Guzman, L. I., Li, J., Williams, G. R.: Parasites, pathogens, and
pests of honeybees in Asia. Apidologie 47, 1–24 (2016).
36. Ellis, J. D., Graham, J. R., Mortensen, A.: Standard methods for wax moth research. J Apic
Res 52, 1–17 (2013).
37. Gulati, R., Kaushik, H. D.: Enemies of honeybees and their management – A review.
Agric Rev 25, 189–200 (2004).
38. Haewoon, O., Young, M., Chang, Y.: Developing periods of damage patterns of combs by
the wax moth, Galleria mellonella. J Apicul Res 10, 5–10 (1995).
39. Harding, C. R., Schroeder, G. N., Collins, J. W., Frankel, G.: Use ofGalleria mellonella as
a model organism to study Legionella pneumophila infection. Jove J Vis Exp 81, 1–10
(2013).
40. Paddock, F. B.: The Beemoth or Waxworm. Texas Agricultural Experiment Stations,
College Station, TX, 1918, pp. 1–38.
41. Shimanuki, H.: Diseases and pests of honey bees. In Bee Keeping in the United States.
Science and Education Administration, United States Department of Agriculture,
Washington, DC, 1980, pp. 118–128.
42. Smith, T. L.: External morphology of the larva, pupa and adult of the wax moth Galleria
mellonella. J Kansas Entomol Soc 38, 287–310 (1965).
43. Williams, J. L.: Insects: Lepidoptera (moths). In Morse, R. (ed): Honey Bee Pests,
Predators, and Diseases. AI Root Company, Medina, OH, 1997, pp. 121–141.
44. Kwadha, C. A., Ong’amo, G. O., Ndegwa, P. N., Raina, S. K., Fombong, A. T.: The
biology and control of the greater wax moth Galleria mellonella. Insects 8, 1–17 (2017).
G. MELLONELLA: ALTERNATIVE MODEL 49
Acta Microbiologica et Immunologica Hungarica 66, 2019
45. Southwick, E. E.: Bee research digest. Am Bee J 127, 287–288 (1987).
46. Vongsamanode, S., Srithamjai, S.: Life cycle of greater wax moth (Galleria mellonella
L.). In Proceeding of the 30th Kasetsart University Annual Conference: Economics and
Business Administration, Social Sciences, Education, Humanities, Environmental, Home
Economics, Agro-Industry, Science, Engineering, Bangkok, 1992.
47. Warren, L., Huddleston, P.: Life history of the greater wax moth, Galleria mellonella L.,
Arkansas. J Kansas Entomol Soc 35, 212–216 (1962).
48. Marston, N., Campbell, B., Boldt, P.: Mass Producing Eggs of the Greater Wax Moth,
Galleria mellonella. Agricultural Research Service, US Department of Agriculture
Technical Bulletin, Washington, DC, 1975, pp. 1–15.
49. Jafari, R., Goldasteh, S., Afrogheh, S.: Control of the wax moth Galleria mellonella L.
(Lepidoptera: Pyralidae) by the male sterile technique (MST). Arch Biol Sci 62, 309–313
(2010).
50. Nielsen, R. A., Brister, C.: Greater wax moth: Behavior of larvae. Ann Entomol Soc Am
72, 811–815 (1979).
51. Chase, R. W.: The length of the life of the larva of the wax moth,Galleria mellonella L., in
its different stadia. Trans Wis Acad Sci Arts Lett 20, 263–267 (1921).
52. Charriere, J. D., Imdorf, A.: Protection of honey combs from wax moth damage. Am Bee J
139, 627–630 (1999).
53. Shimanuki, H.: Controlling the Greater Wax Moth: A Pest of Honeycombs: Science and
Education Administration, US. United States Department of Agriculture, Washington,
DC, 1981, pp. 1–13.
54. Jones, G., Barabas, A., Elliott, W., Parsons, S.: Female greater wax moths reduce sexual
display behaviour in relation to the potential risk of predation by echolocating bats. Behav
Ecol 13, 375–380 (2002).
55. Nielsen, R. A., Brister, D.: The greater wax moth: Adult behavior. Ann Entomol Soc Am
70, 101–103 (1977).
56. Spangler, H. G.: Attraction of female lesser wax moths (Lepidoptera: Pyralidae) to male-
produced and artiﬁcial sounds. J Econ Entomol 77, 346–349 (1984).
57. Spangler, H. G.: Sound production and communication by the greater wax moth
(Lepidoptera: Pyralidae). Ann Entomol Soc Am 78, 54–61 (1985).
58. Spangler, H. G.: Acoustically mediated pheromone release in Galleria mellonella
(Lepidoptera: Pyralidae). J Insect Physiol 33, 465–468 (1987).
59. Spangler, H. G.: Sound and the moths that infest beehives. Fla Entomol 71, 467–477
(1988).
60. Akratanakul, P.: Honeybee Diseases and Enemies in Asia: A Practical Guide. Food &
Agriculture Organization, Rome, Italy, 1987, pp. 1–51.
61. Charnley, A. K.: Fungal pathogens of insects: Cuticle degrading enzymes and toxins. Adv
Bot Res 40, 241–321 (2003).
62. Jarrold, S. L., Moore, D., Potter, U., Charnley, A. K.: The contribution of surface waxes to
pre-penetration growth of an entomopathogenic fungus on host cuticle. Mycol Res 111,
240–249 (2007).
63. Moussian, B.: Recent advances in understanding mechanisms of insect cuticle differenti-
ation. Insect Biochem Mol 40, 363–375 (2010).
64. Ortiz-Urquiza, A., Keyhani, N. O.: Action on the surface: Entomopathogenic fungi versus
the insect cuticle. Insects 4, 357–374 (2013).
50 SINGKUM ET AL.
Acta Microbiologica et Immunologica Hungarica 66, 2019
65. Ortiz-Urquiza, A., Keyhani, N. O.: Molecular genetics of Beauveria bassiana infection of
insects. Adv Genet 94, 165–249 (2016).
66. Fearon, D. T.: Seeking wisdom in innate immunity. Nature 388, 323–324 (1997).
67. Browne, N., Heelan, M., Kavanagh, K.: An analysis of the structural and functional
similarities of insect hemocytes and mammalian phagocytes. Virulence 4, 597–603 (2013).
68. Tsai, C. J., Loh, J. M., Proft, T.: Galleria mellonella infection models for the study of
bacterial diseases and for antimicrobial drug testing. Virulence 7, 214–229 (2016).
69. Wojda, I.: Immunity of the greater wax moth Galleria mellonella. Insect Sci 3, 342–357
(2016).
70. Brehélin, M., Zachary, D.: Insect haemocytes: A new classiﬁcation to rule out controversy.
In Brehelin, M. (ed): Immunity in Invertebrates. Springer Verlag, Berlin, 1986, pp. 36–48.
71. Gupta, A. P.: Cellular elements in hemolymph. In Kerkut, G. (ed): Comprehensive Insect
Physiology, Biochemistry, and Pharmacology, 3rd Edition. Pergamon Press, Oxford, UK,
1985, pp. 401–451.
72. Ratcliffe, N. A., Gagen, S. J.: Studies on the in vivo cellular reactions of insects: An
ultrastructural analysis of nodule formation in Galleria mellonella. Tissue Cell 9, 73–85
(1977).
73. Altincicek, B., Stötzel, S., Wygrecka, M., Preissner, K. T., Vilcinskas, A.: Host-derived
extracellular nucleic acids enhance innate immune responses, induce coagulation, and
prolong survival upon infection in insects. J Immunol 181, 2705–2712 (2008).
74. Tojo, S., Naganuma, F., Arakawa, K., Yokoo, S.: Involvement of both granular cells and
plasmatocytes in phagocytic reactions in the greater wax moth, Galleria mellonella.
J Insect Physiol 46, 1129–1135 (2000).
75. Halwani, A. E., Niven, D. F., Dunphy, G. B.: Apolipophorin-III and the interactions of
lipoteichoic acids with the immediate immune responses of Galleria mellonella.
J Invertebr Pathol 76, 233–241 (2000).
76. Niere, M., Meisslitzer, C., Dettloff, M., Weise, C., Ziegler, M., Wiesner, A.: Insect
immune activation by recombinant Galleria mellonella apolipophorin III(1). Biochem
Biophys Acta 433, 16–26 (1999).
77. Pratt, C. C., Weers, P. M.: Lipopolysaccharide binding of an exchangeable apolipoprotein,
apolipophorin III, from Galleria mellonella. J Biol Chem 385, 1113–1119 (2004).
78. Brown, S. E., Howard, A., Kasprzak, A. B., Gordon, K. H., East, P. D.: The discovery and
analysis of a diverged family of novel antifungal moricin-like peptides in the wax moth
Galleria mellonella. Insect Biochem Mol Biol 38, 201–212 (2008).
79. Brown, S. E., Howard, A., Kasprzak, A. B., Gordon, K. H., East, P. D.: A peptidomics
study reveals the impressive antimicrobial peptide arsenal of the wax moth Galleria
mellonella. Insect Biochem Mol 39, 792–800 (2009).
80. Girard, P. A., Boublik, Y., Wheat, C. W., Volkoff, A. N., Cousserans, F., Brehélin, M.,
Escoubas, J. M.: X-tox: An atypical defensin derived family of immune-related proteins
speciﬁc to Lepidoptera. Dev Comp Immunol 32, 575–584 (2008).
81. Kawaoka, S., Katsuma, S., Daimon, T., Isono, R., Omuro, N., Mita, K., Shimada, T.:
Functional analysis of four Gloverin-like genes in the silkworm, Bombyx mori. Arch
Insect Biochem 67, 87–96 (2008).
82. Kim, C. H., Lee, J. H., Kim, I., Seo, S. J., Son, S. M., Lee, K. Y., Lee, I. H.: Puriﬁcation
and cDNA cloning of a cecropin-like peptide from the great wax moth, Galleria
mellonella. Mol Cells 17, 262–266 (2004).
G. MELLONELLA: ALTERNATIVE MODEL 51
Acta Microbiologica et Immunologica Hungarica 66, 2019
83. Kopácek, P., Weise, C., Götz, P.: The prophenoloxidase from the wax moth Galleria
mellonella: Puriﬁcation and characterization of the proenzyme. Insect Biochem Mol 25,
1081–1091 (1995).
84. Langen, G., Imani, J., Altincicek, B., Kieseritzky, G., Kogel, K. H., Vilcinskas, A.:
Transgenic expression of gallerimycin, a novel antifungal insect defensin from the greater
wax moth Galleria mellonella, confers resistance to pathogenic fungi in tobacco. J Biol
Chem 387, 549–557 (2006).
85. Lu, A., Zhang, Q., Zhang, J., Yang, B., Wu, K., Xie, W., Luan, Y. X., Ling, E.: Insect
prophenoloxidase: The view beyond immunity. Front Physiol 5, 1–15 (2014).
86. Zdybicka-Barabas, A., Mak, P., Jakubowicz, T., Cytrynska, M.: Lysozyme and defense
peptides as suppressors of phenoloxidase activity in Galleria mellonella. Arch Insect
Biochem 87, 1–12 (2014).
87. Bergin, D., Reeves, E. P., Renwick, J., Wientjes, F. B., Kavanagh, K.: Superoxide
production in Galleria mellonella hemocytes: Identiﬁcation of proteins homologous to
the NADPH oxidase complex of human neutrophils. Infect Immun 73, 4161–4170
(2005).
88. Bogdan, C., Röllinghoff, M., Diefenbach, A.: Reactive oxygen and reactive nitrogen
intermediates in innate and speciﬁc immunity. Curr Opin Immunol 12, 64–76 (2000).
89. Casanova-Torres, Á. M., Goodrich-Blair, H.: Immune signaling and antimicrobial peptide
expression in Lepidoptera. Insects 4, 320–338 (2013).
90. Kounatidis, I., Ligoxygakis, P.: Drosophila as a model system to unravel the layers of
innate immunity to infection. Open Biol 2, 1–14 (2012).
91. Mak, P., Chmiel, D., Gacek, G. J.: Antibacterial peptides of the moth Galleria mellonella.
Acta Biochim Pol 48, 1191–1195 (2001).
92. Rolff, J., Reynolds, S. E.: Insect Infection and Immunity: Evolution Ecology and
Mechanisms. Oxford University Press, Oxford, UK, 2009, pp. 1–254.
93. Vass, E., Nappi, A. J.: Fruit ﬂy immunity. BioEssays 51, 529–535 (2001).
94. Nguyen, L. T., Haney, E. F., Vogel, H. J.: The expanding scope of antimicrobial peptide
structures and their modes of action. Trends Microbiol 29, 464–472 (2011).
95. Scocchi, M., Tossi, A., Gennaro, R.: Proline-rich antimicrobial peptides: Converging to a
non-lytic mechanism of action. Cell Mol Life Sci 763, 2317–2330 (2011).
96. van der Weerden, N. L., Bleackley, M. R., Anderson, M. A.: Properties and mechanisms
of action of naturally occurring antifungal peptides. Cell Mol Life Sci 70, 3545–3570
(2013).
97. Matsuzaki, K.: Why and how are peptide-lipid interactions utilized for self-defence?
Magainins and tachyplesins as archetypes. Biochem Soc Trans 29, 598–601 (2001).
98. Dubovskiy, I. M., Whitten, M. M. A., Kryukov, V. Y., Yaroslavtseva, O. N., Grizanova,
E. V., Greig, C.: More than a colour change: Insect melanism, disease resistance and
fecundity. Proc R Soc B-Biol Sci 280, 1–10 (2013).
99. Solano, F.: Melanins: Skin pigments and much more-types, structural models, biological
functions, and formation routes. New J Sci 2014, 1–28 (2014).
100. Sugumaran, M., Barek, H.: Critical analysis of the melanogenic pathway in insects and
higher animals. Int J Mol Sci 17, 1710–1753 (2016).
101. Tokura, A., Fu, G. S., Sakamoto, M., Endo, H., Tanaka, S., Kikuta, S., Tabunoki, H., Sato,
R.: Factors functioning in nodule melanization of insects and their mechanisms of
accumulation in nodules. J Insect Physiol 60, 40–49 (2014).
52 SINGKUM ET AL.
Acta Microbiologica et Immunologica Hungarica 66, 2019
102. Grizanova, E. V., Dubovskiy, I. M., Whitten, M. M., Glupov, V. V.: Contributions of
cellular and humoral immunity of Galleria mellonella larvae in defence against oral
infection by Bacillus thuringiensis. J Invertebr Pathol 119, 40–46 (2014).
103. Vallet-Gely, I., Lemaitre, B., Boccard, F.: Bacterial strategies to overcome insect defences.
Nat Rev Microbiol 6, 302–313 (2008).
104. Altincicek, B., Linder, M., Linder, D., Preissner, K. T., Vilcinskas, A.: Microbial
metalloproteinases mediate sensing of invadin g pathogens and activate innate immune
responses in the lepidopteran model host Galleria mellonella. Infect Immun 75, 175–183
(2007).
105. Griesch, J., Wedde, M., Vilcinskas, A.: Recognition and regulation of metalloproteinase
activity in the haemolymph ofGalleria mellonella: A new pathway mediating induction of
humoral immune responses. Insect Biochem Mol 30, 461–472 (2000).
106. Yang, J., Yang, Y., Wu, W.M., Zhao, J., Jiang, L.: Evidence of polyethylene biodegra-
dation by bacterial strains from the guts of plastic-eating waxworms. Environ Sci Technol
48, 13776–13784 (2014).
107. Bombelli, P., Howe, C. J., Bertocchini, F.: Polyethylene bio-degradation by caterpillars of
the wax moth Galleria mellonella. Curr Biol 27, 292–293 (2017).
108. Dickman, A.: Studies on the waxmoth Galleria mellonella, with particular reference to the
digestion of wax by the larvae. J Cell Compar Physl 3, 223–246 (1933).
109. Lin, S. J., Schranz, J., Teutsch, S. M.: Aspergillosis case-fatality rate: Systematic review of
the literature. Clin Infect Dis 32, 358–366 (2001).
110. Pfaller, M. A.: Antifungal drug resistance: Mechanisms, epidemiology, and consequences
for treatment. Am J Med 125, 3–13 (2012).
111. Zirkel, J., Klinker, H., Kuhn, A., Abele-Horn, M., Tappe, D., Turnwald, D., Einsele, H.,
Heinz, W. J.: Epidemiology of Candida blood stream infections in patients with
hematological malignancies or solid tumors. Med Mycol 50, 50–55 (2012).
112. Cotter, G., Doyle, S., Kavanagh, K.: Development of an insect model for the in vivo
pathogenicity testing of yeasts. FEMS Immunol Med Microbiol 27, 163–169 (2000).
113. Thomaz, L., Garcia-Rodas, R., Guimaraes, A. J., Taborda, C. P., Zaragoza, O.,
Nosanchuk, J. D.: Galleria mellonella as a model host to study Paracoccidioides lutzii
and Histoplasma capsulatum. Virulence 4, 139–146 (2013).
114. Chadwick, J. S., Caldwell, S. S., Chadwick, P.: Adherence patterns and virulence
for Galleria mellonella larvae of isolates of Serratia marcescens. J Invertebr Pathol
55, 133–134 (1990).
115. Hornsey, M., Wareham, D. W.: In vivo efﬁcacy of glycopeptide-colistin combination
therapies in a Galleria mellonella model of Acinetobacter baumannii infection. Anti-
microb Agents Chemother 55, 3534–3537 (2011).
116. Jander, G., Rahme, L. G., Ausubel, F. M.: Positive correlation between virulence of
Pseudomonas aeruginosa mutants in mice and insects. J Bacteriol 182, 3843–3845
(2000).
117. Michaux, C., Sanguinetti, M., Reffuveille, F., Auffray, Y., Posteraro, B., Gilmore, M. S.,
Hartke, A., Giard, J. C.: SlyA is a transcriptional regulator involved in the virulence of
Enterococcus faecalis. Infect Immun 79, 2638–2645 (2011).
118. Miyata, S., Casey, M., Frank, D.W., Ausubel, F. M., Drenkard, E.: Use of the Galleria
mellonella caterpillar as a model host to study the role of the type III secretion system in
Pseudomonas aeruginosa pathogenesis. Infect Immun 71, 2404–2413 (2003).
G. MELLONELLA: ALTERNATIVE MODEL 53
Acta Microbiologica et Immunologica Hungarica 66, 2019
119. Thomas, R. J., Hamblin, K. A., Armstrong, S. J., Müller, C. M., Bokori-Brown, M.,
Goldman, S., Atkins, H. S., Titball, R. W.: Galleria mellonella as a model system to test
the pharmacokinetics and efﬁcacy of antibiotics against Burkholderia pseudomallei. Int J
Antimicrob 41, 330–336 (2013).
120. Gomez-Lopez, A., Forastiero, A., Cendejas-Bueno, E., Gregson, L., Mellado, E., Howard,
S. J., Livermore, J. L., Hope, W. W., Cuenca-Estrella, M.: An invertebrate model to
evaluate virulence in Aspergillus fumigatus: The role of azole resistance. Med Mycol 52,
311–319 (2014).
121. Maurer, E., Browne, N., Surlis, C., Jukic, E., Moser, P., Kavanagh, K., Lass-Flörl, C.,
Binder, U.: Galleria mellonella as a host model to study Aspergillus terreus virulence and
amphotericin B resistance. Virulence 6, 591–598 (2015).
122. Mowlds, P., Kavanagh, K.: Effect of pre-incubation temperature on susceptibility of
Galleria mellonella larvae to infection by Candida albicans. Mycopathologia 165, 5–12
(2008).
123. Mylonakis, E., Moreno, R., El Khoury, J. B., Idnurm, A., Heitman, J., Calderwood, S. B.,
Ausubel, F. M., Diener, A.: Galleria mellonella as a model system to study Cryptococcus
neoformans pathogenesis. Infect Immun 73, 3842–3850 (2005).
124. Hood, W. M., Horton, P. M., Mccreadie, J. W.: Field evaluation of the red imported ﬁre
ant (Hymenoptera: Formicidae) for the control of wax moths (Lepidoptera: Pyralidae) in
stored honeybee comb. J Agric Urban Entomol 20, 93–103 (2003).
125. Waterhouse, D. F.: Axenic culture of wax moths for digestion studies. Ann N Y Acad Sci
77, 283–289 (1959).
126. Haydak, M. H.: Is wax a necessary constituent of the diet of wax moth larvae. Ann
Entomol Soc Am 29, 581–588 (1936).
127. Bronskill, J. F.: A cage to simplify the rearing of the greater wax moth,Galleria mellonella
(Pyralidae). J Lepid Soc 15, 102–104 (1961).
128. Binder, U., Maurer, U., Lass-Flörl, C.: Galleria mellonella: An invertebrate model to
study pathogenicity in correctly deﬁned fungal species. Fungal Boil 120, 288–295 (2016).
129. Giannouli, M., Palatucci, A. T., Rubino, V., Ruggiero, G., Romano, M., Triassi, M., Ricci,
V., Zarrilli, R.: Use of larvae of the wax moth Galleria mellonella as an in vivo model to
study the virulence of Helicobacter pylori. BMC Microbiol 14, 1–10 (2014).
130. Kloezen, W., van Helvert-van Poppel, M., Fahal, A. H., van de Sande, W. W. J.: A
Madurella mycetomatis grain model inGalleria mellonella larvae. PLoS Neglect Trop Dis
9, e0003926 (2015).
131. Loh, J. M. S., Adenwalla, N., Wiles, S., Proft, T.: Galleria mellonella larvae as an
infection model for group A streptococcus. Virulence 4, 419–428 (2013).
132. Olsen, R. J., Watkins, M. E., Cantu, C. C., Beres, S. B., Musser, J. M.: Virulence of
serotype M3 Group A Streptococcus strains in wax worms (Galleria mellonella larvae).
Virulence 2, 111–119 (2011).
133. Ortiz-Urquiza, A., Fan, Y., Garrett, T., Keyhani, N. O.: Growth substrates and caleosin-
mediated functions affect conidial virulence in the insect pathogenic fungus Beauveria
bassiana. Microbiology 162, 1913–1921 (2016).
134. Smoot, L. M., Smoot, J. C., Graham, M. R., Somerville, G. A., Sturdevant, D. E.,
Migliaccio, C. A. L.: Global differential gene expression in response to growth tempera-
ture alteration in group A Streptococcus. Proc Natl Acad Sci U S A 98, 10416–10421
(2001).
54 SINGKUM ET AL.
Acta Microbiologica et Immunologica Hungarica 66, 2019
135. Tomiotto-Pellissier, F., Cataneo, A. H., Orsini, T. M., Thomazelli, A. P., Dalevedo, G. A.,
de Oliveira, A. G., Panagio, L. A., Costa, I. N., Conchon-Costa, I., Pavanelli, W. R.,
Almeida, R. S.: Galleria mellonella hemocytes: A novel phagocytic assay for Leishmania
(Viannia) braziliensis. J Microbiol Method 131, 45–50 (2016).
136. Scully, L. R., Bidochka, M. J.: Serial passage of the opportunistic pathogen Aspergillus
ﬂavus through an insect host yields decreased saprobic capacity. Can J Microbiol 51,
185–189 (2005).
137. Fedhila, S., Buisson, C., Dussurget, O., Serror, P., Glomski, I. J., Liehl, P.: Comparative
analysis of the virulence of invertebrate and mammalian pathogenic bacteria in the oral
insect infection model Galleria mellonella. J Invertebr Pathol 103, 24–29 (2010).
138. Banville, N., Browne, N., Kavanagh, K.: Effect of nutrient deprivation on the suscepti-
bility of Galleria mellonella larvae to infection. Virulence 3, 497–503 (2012).
139. Fallon, J. P., Troy, N., Kavanagh, K.: Pre-exposure of Galleria mellonella larvae to
different doses of Aspergillus fumigatus conidia causes differential activation of cellular
and humoral immune responses. Virulence 2, 413–421 (2011).
G. MELLONELLA: ALTERNATIVE MODEL 55
Acta Microbiologica et Immunologica Hungarica 66, 2019
